In July 1911 Sir William Crookes donated 26 of his original radiometers and otheoscopes (figure 1) to the Royal Society in appreciation of the support and encouragement he had received during 55 years of scientific work. During the 1870s his line of questioning had led him to devise the simple and elegant radiometer, which, in his own words, would be popular because 'there is a peculiar charm in using an instrument which is constantly in active work'. 1 Crookes's work is not easily compartmentalized, as one line of enquiry followed on from another seamlessly. 2 Having won a reputation for the spectroscopic discovery of thallium in 1861, 3 he devoted the next few years to verifying its atomic mass. At the end of this period he became interested in psychic phenomena, in part because of the attractive and repulsive forces encountered in the thallium experiments. 4 Spiritualism was widely practised and Crookes wrote, 'I consider it the duty of scientific men who have learnt exact modes of working to examine phenomena which attract the attention of the public. ' 5 This led to questions concerning a possible previously unrecognized attractive power, which Crookes had referred to as 'psychic power', 6 which in turn resolved into a study of attraction or repulsion resulting from radiation. 7 It was during this considerable piece of work that Crookes introduced the radiometer (figures 2 and 3). The experiments were described in a series of abstracts in Proceedings of the Royal Society, 8 and produced in full slightly later in Philosophical Transactions.
9 His work on cathode rays followed directly. 10 Crookes first demonstrated the radiometer to the Royal Society at a soirée on 7 April 1875. 11 The report lists simply: 'Radiometer: showing phenomena of Repulsion under the influence of Radiation'. 12 The first published description appears as a supplement submitted on 20 April of that year to a paper originally submitted on 20 March, so the invention of the radiometer can be dated fairly precisely. 13 Although there is now a Platonic ideal radiometer, Crookes was to devise a range of diverse instruments. He was asking a battery of questions and working with a large array of variables that sometimes seemed overwhelming. His assistant, the master glass-blower Charles Gimmingham, was responsible for many evacuated vessels.
14 While Crookes undoubtedly imposed post-hoc order on his thoughts and experiments for his publications, it is instructive to follow the methodical exposition in Philosophical Transactions and link each of the individual instruments with the experiment in which they participated. The notebooks and letters held by the Science Museum have also been studied, although access was limited because they have been found to be radioactive.
15 Labels on the instruments in varying conditions were sometimes helpful, although there were various numbering systems. 16 Identification has been largely possible, and it is not often that historians are so fortunate as to see how a line of enquiry was pursued through surviving artefacts. Crookes had some inkling of the legacy he was leaving: 'It has been my endeavour to permanently record such experimental proof in the convenient form of an instrument . . ..'
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In his work on the atomic mass of thallium, Crookes had noticed that hot bodies weigh less than cold ones, and that the accepted interpretation could not hold in a near vacuum. 18 Because of these results he was hoping to find a connection between heat and the force of gravity that had been suspected by previous experimenters but required more delicate apparatus to confirm. 19 Referring to Cavendish's well-known experiments, 20 he found that, by eliminating any extraneous factors, in normal pressure, a heavy metallic mass will attract a light ball if the mass is hotter than the ball, and repel it if colder. However, in an evacuated vessel, the situation was reversed. Crookes could only speculate as to the cause: 'in the radiant molecular energy of solar masses may at last be found . . . that agent acting constantly according to certain laws which Newton held to be the cause of gravity.'
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In the second paper of the series, published a year later, Crookes modified his apparatus. He allowed possible movement in a horizontal rather than a vertical plane, using a torsion balance with the lightweight balls suspended with a long silk fibre inside a glass globe. The apparatus began to resemble a radiometer but the crucial characteristic of permanent motion was not yet established. This torsion balance was so sensitive that when it was demonstrated at the Royal Society in December 1873 and April 1874 it 'followed a piece of ice as a needle follows a magnet'. 22 Crookes had noticed that optimum effects were achieved with greater surface areas, so he substituted discs for balls in some experiments. He now started to experiment more widely with the material of the discs and also with blackened and silvered surfaces. The radiant sources were burning magnesium wire, standard candles, copper balls at various temperatures, light of various wavelengths, or simply human fingers. The effect of pressure, surface area, and distance of the source on the amplitude of swing was noted. Crookes asserted that by these experiments he had eliminated air currents, electricity and condensation as the cause of the motion. 23 He ended the paper by avoiding theorizing and instead quoted Humphry Davy: 'One good experiment is of more value than the ingenuity of a brain like Newton's. ' In the third paper in the series, Crookes took an important step towards the radiometer when 'the pith bar was blacked on alternate halves, instead of having the same half blacked on each side'. In the presence of a candle the bar 'spun round rapidly so the suspending fibre was twisted up'. Then came the crucial step: 'Were the black and white surfaces mounted on a pivot, like a compass needle, the movement would not be stopped by torsion'. 24 This was the first true radiometer. The example exhibited in April 1875 had straw arms but these were now rejected as being too heavy. Crookes chose glass arms and pith vanes, each blackened on one side.
Whereas the first radiometer had two vanes, following on from the torsion balance, Crookes was quick to experiment with different numbers. On 2 June 1875 he wrote to Gimmingham: 'I am glad you have a six-armed radiometer to work. Is it quicker than a four armed one?' 25 He reported in the paper that ten was 'the maximum which can follow one another without available surface being uselessly obscured' and 'Six discs are a useful number.' The earliest identifiable Royal Society radiometer (figure 4) exactly matches the diagram provided.
Crookes then confirmed the inverse square law with respect to the velocity of motion and distance of the source. He had to concede that the rapidity of movement and inability to balance light sources acted against its efficacy as a photometer, but he believed that the instrument had a peculiar charm. He noted the difference between the reaction to heat and to light, sometimes using the human body as a heat source. He experimented with heat conductors as vanes, questioning the relationship between the optical and thermic properties of the surfaces.
Towards the end of this paper Crookes described some radiometers for special purposes, and some of the Royal Society instruments seem to be these. The first is a radiometer with ten pith vanes, blackened on one side, with two of the arms comprising a watch-spring magnet. This was used to show that motion could be communicated outside the bulb. Suspending a magnet near the bulb gave rise to oscillations, which Crookes suggested could be used in a telegraphic instrument or projected on a screen.
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The difficulties associated with making these instruments are well documented in the notebooks and letters. One note from Gimmingham to Crookes reads, 'After you were gone the whole thing came to grief, the cup fell out and then I went mad for a few minutes and tortured myself to what I deemed a sufficient extent.' 27 Crookes devised a method of retaining the fly in position by including an upper tube, and all subsequent radiometers have had this.
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In the fourth paper Crookes explored differences in the effects of heat and light, not directly involving the radiometer. The fifth paper concerned his considerable output during late 1876 and early 1877. He had looked at the effect of repulsion due to radiation on chemical precipitates, varied the characteristics of the radiation, investigated conductors and experimented with the presentation of surfaces. He decided to compare the reactions of various substances by using radiometers. The first two tested were chromic oxide and precipitated selenium, with the use of a particularly beautiful radiometer in the Royal Society collection. 29 Unfortunately the selenium surface has now lost its 'bright scarlet' colour. Crookes found that this radiometer was so sensitive that it would turn in opposing directions depending on whether he used a sperm oil candle or a wax candle, as the ratio of heat to light differed. 30 Crookes's radiometers After experimenting with polarized light, Crookes again returned to the radiometer. An accidental anomaly with a crumpled vane set him investigating the variations attributable to inclination. 31 A lengthy series of trials varying the position of the radiant source, and considerations concerning lines of molecular force, led Crookes to vary the shape of the vanes, not merely their inclination. At first he used cones, but 'cones being inconvenient in shape' he substituted hemi-cylinders. Aluminium was one material chosen because it was a good conductor of heat. 32 Crookes replaced hemi-cylinders with cups, because the latter were more responsive. He proceeded to perform experiments on eight radiometers with cup-shaped vanes: four gold, four aluminium, one of each bright on both sides, black on the inside, black on the outside, and black on both sides, respectively. One of the Royal Society instruments is the example made from aluminium bright on both sides. 33 The experiment involved the use of hot rings at the 'pole' and 'equator' of the radiometer bulbs, alternately shielding the convex and concave sides of the vanes, and immersion in hot water. Crookes then considered viscosity of the residual gas, and one of the Royal Society instruments is associated. 34 The sixth paper in the series refers to a large number of radiometers in the Royal Society collection. Crookes was now considering the lines of pressure inside the bulb. His notebooks tell us that in September and October 1877 he spent some time studying electrical discharge in a partial vacuum, in what would become a major area of his research. 35 In these experiments he considered 'an instrument of some sort . . . that could be used to detect variations in the force at different points inside an apparatus.' He then described 'a little turbine radiometer not blacked at all' and called it a 'tell-tale'. 36 He used these tiny radiometers initially to compare the forces at different points within his evacuated tubes, and later to study radiometer theory.
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The investigation of the lines of pressure had led Crookes to experiment with screens to direct the force. He described a radiometer with two vanes, each blackened on one side but with that side screened by a sheet of clear mica, and then a radiometer with both sides of the vanes screened by clear mica. Two radiometers were obviously related to this set of experiments. 38 Crookes then moved on to suggest allowing freedom of movement for the screens. The two hypotheses tested were that 'radiation passes through the clear mica screen and generates molecular disturbance on the black surface' and 'molecular pressure is exerted on that side which is most easily warmed.' 39 Crookes believed that the results of this experiment, showing an optimum distance of separation for effect, confirmed the second of the two hypotheses; however, he wished to eliminate complications arising from different absorbing powers. The next instrument to be devised had the screens set at right-angles to the vanes. 40 There followed a long and complex series of experiments that are beyond the scope of this paper, before Crookes described the turbine radiometer. These have inclined vanes and respond to radiation from above or below rather than from the horizontal plane. Experiments with the lower part of the radiometer at different temperatures from the upper part caused varying motion. 41 While considering the effect of the size of the bulb on the speed of rotation of the vanes, Crookes invented the spiral form of the instrument. It had advantages over the ordinary radiometer in that it could present a surface to the source of radiation constantly and could be made with the reacting surface as close to the glass as desired, a feature under investigation. Crookes warned that the surfaces of the spiral and the bulb must always be at an angle or 'there will be no tangential action of the molecular pressure'. Two examples of spiral radiometers are in the collection; one is shown in figure 5. 42 Crookes became increasingly interested in the role of the bulb, coating it with aluminium and blackened aluminium. He recalled experiments that he had performed early in 1876 showing that the motion of the fly could be transferred to the bulb if the radiometer was floated in water. 43 Using an instrument that bears some resemblance to one in the collection, 44 he tried to ascertain what sort of fly produced the best results when turning the bulb while the instrument is in water. The experiment involved a radiometer carrying a magnetized needle that was set in motion by a candle flame. The fly was then brought to a halt by a magnet outside, when the glass bulb began to rotate in the opposite direction. The instrument he described had lead shot as ballast, a totally blackened fly and screens. The label on the Royal Society instrument, giving a legible phrase of 'fixed by a magnet', further suggests that this radiometer was involved at this point.
Crookes's radiometers
After a suggestion from George Stokes, Crookes then experimented with obtaining rotation with flat vanes, polished on both sides, with the obliquity provided by three clear mica surfaces attached to the bulb and set at an angle to the vanes. Crookes did obtain rotation, which led him to believe the mica screens, rather than the vanes, were providing the motive force. One of the Royal Society radiometers exactly matches this description and diagram. 45 Crookes then put forward the argument that the radiometer, as a heat engine, could be improved if the driving surface did not move. It would then not be so restricted in size and weight. Calling the driving surface the 'heater', and the corresponding surface, which is the bulb in a radiometer, the 'cooler', he argued that the instrument would be more efficient if the heater could be separated from the moving part. He called an instrument that used a stationary 'heater' an otheoscope. 46 'The glass envelope is an essential part of the machinery of a radiometer, without which the fly would not move, but in the otheoscope the glass vessel simply acts as a preserver of the requisite amount of rarefaction.' In the otheoscope then described, the driving surface is a disc blackened on the upper surface, with a fly above consisting of vanes at 458 to obtain the maximum rotational effect. 47 To avoid any perceived loss through tangential action, Crookes devised an instrument that had the driving disc, blackened on the upper surface, bent into the form of vanes positioned to face the fly vanes. 48 Another (figure 6) ran a Newton's disk: 'When exposed to sunshine the speed was so great as to cause the colours to blend together in a neutral grey.' A 'twin' radiometer featuring in the collection is referred to in the notebooks 50 but not in Philosophical Transactions. It consists of two flies, one above the other, with the standard blackened and silver square metallic vanes, which would turn in opposite directions when illuminated.
Crookes finished this series of papers without attempting to provide an overall explanation for his many findings relating to repulsion due to radiation. 51 In his notebook he headed a series of experiments 'Radiometer Theory', 52 but his experimental work was his strength and he seems to have been a follower rather than a leader in this aspect. William Brock relates Crookes's reluctance to move from the idea of radiation pressure to a kinetic explanation involving the molecules in the vessel. 53 However, his instrument had stimulated research into an already active field. 54 In Crookes's words, 'The radiometer is now so much occupying the attention of scientific men.' 55 Brock gives a detailed description of the theoretical arguments surrounding the radiometer. 56 In brief, it is this: the initial hypothesis that radiation pressure, a result of James Clerk Maxwell's recently published electromagnetic theory, 57 could explain the reaction of the blackened surfaces, was seen to be fallacious because the silvered surfaces should have been repulsed more strongly. The issue was taken up, shortly after Crookes began publishing, by Osborne Reynolds, Arthur Shuster and Johnstone Stoney, 58 the first two of whom obtained 'light mills' from Heinrich Geissler of Bonn. Reynolds was working towards his substantial paper describing his theory of 'thermal transpiration'. 59 This work was refereed by Clerk Maxwell, who, with acknowledgement, took up Reynolds's as yet unpublished ideas and provided a quantitative explanation. 60 Reynolds suggested that the focus of attention in a radiometer should be the edges of the vanes rather than the surfaces. The faster molecules from the warmer (blackened) side hit the edges obliquely with a larger force than the colder molecules from the silvered side, so the net movement is away from the warmer side, while the gas creeps around the edges from the cooler to the hotter side. This is the same principle as the thermal transpiration that Reynolds discussed in connection with porous plates. This is now the agreed interpretation. 61 Scientific interest in the radiometer diminished after this explanation had been widely accepted. William Sutherland summed it up: 'the new conquest was simply an outlying part of the Kinetic Theory of Gases.' 62 However, the radiometer has retained its presence as a talking point and toy up to the present day. Its popularity as such can mislead us into forgetting that it was once at the cutting edge of scientific debate, taxing the experimental skills of Crookes, the technical skills of Gimmingham, and the analytical and mathematical skills of leading physicists. The Royal Society's collection has survived to give us an insight into a series of beautifully crafted experiments central to mainstream physics in the 1870s. 
